Abstract. In anthropogenically influenced atmospheres, sulphur dioxide (SO 2 ) is the main precursor of gaseous sulphuric acid (H 2 SO 4 ), which in turn is a main precursor for atmospheric particle nucleation. As a result of socio-economic changes, East Germany has seen a dramatic decrease in anthropogenic SO 2 emissions between 1989 and present, as documented by routine air quality measurements in many locations. We have attempted to evaluate the influence of changing SO 2 concentrations on the frequency and intensity of new particle formation (NPF) using two different data sets (1996-1997; 2003-2006) of experimental particle number size distributions (diameter range 3-750 nm) from the atmospheric research station Melpitz near Leipzig, Germany. Between the two periods SO 2 concentrations decreased by 65% on average, while the frequency of NPF events dropped by 45%. Meanwhile, the average formation rate of 3 nm particles decreased by 68% on average. The trends were statistically significant and therefore suggest a connection between the availability of anthropogenic SO 2 and freshly formed new particles. In contrast to the decrease in new particle formation, we found an increase in the mean growth rate of freshly nucleated particles (+22%), suggesting that particle nucleation and subsequent growth into larger sizes are delineated with respect to their precursor species. Using three basic parameters, the condensation sink for H 2 SO 4 , Correspondence to: A. Hamed (amar.hamed@uef.fi) the SO 2 concentration, and the global radiation intensity, we were able to define the characteristic range of atmospheric conditions under which particle formation events take place at the Melpitz site. While the decrease in the concentrations and formation rates of the new particles was rather evident, no similar decrease was found with respect to the generation of cloud condensation nuclei (CCN; particle diameter >100 nm) as a result of atmospheric nucleation events. On the contrary, the production of CCN following nucleation events appears to have increased by tens of percents. Our aerosol dynamics model simulations suggest that such an increase can be caused by the increased particle growth rate.
process controlling the number concentration of atmospheric particles is the formation of new ultrafine particles typically 1-2 nm in size, through gas-to particle conversion (e.g. Kulmala et al., 2004a; Jeong et al., 2004) . Once thermodynamically stable, the new particles can grow through condensation and coagulation to sizes of 50-100 nm where they become active light scatterers and cloud condensation nuclei (CCN). From numerous observations worldwide it is now evident that atmospheric aerosol formation followed by condensational growth may occur in almost any part of the troposphere (Kulmala et al., 2004b) .
Sulphuric acid (H 2 SO 4 ) is considered as the most important species contributing to atmospheric particle nucleation (Weber et al., 1999; Kulmala, 2003) . Its concentrations in tropospheric air, however, are typically not sufficient to account for the observed growth of fresh nuclei to sizes larger than 10 nm (Birmili et al., 2003; Wehner et al., 2005) . Exceptions have been reported for the sulphur-rich urban atmosphere of Pittsburgh . Other condensable vapours have been concluded to participate in the growth of nano-sized clusters, such as the oxidation products of volatile organic compounds (VOCs). According to the current understanding, sulphuric acid is likely to trigger nucleation whereas the oxidation products of VOCs dominate the particle growth to larger sizes Zhang et al., 2004; Laaksonen et al., 2008 ).
The major precursor of H 2 SO 4 in the continental troposphere is sulphur dioxide (SO 2 ), which is oxidized during daytime by the hydroxyl (OH) radical. As a result of legislative emission control, the European levels of sulphur dioxide have undergone a substantial decrease over the last 2-3 decades (Manktelow et al., 2007; Beilke and Uhse, 1999) . As a consequence of SO 2 reductions, the mass concentrations of sulphate aerosols have decreased as well (e.g. Spindler et al., 2004) .
In the present work, our hypothesis is that the SO 2 reductions have also led to a reduced intensity of new particle formation and, consequently, to reduced number concentrations of secondary aerosols. In order to prove or disprove our hypothesis, we present two continuous data sets recorded in Melpitz, East Germany, during 1996 -1997 -2006 . Events of new particle formation are identified and characterized by their frequency, and the observed particle formation and growth rates. We furthermore examine the effects of sulphur dioxide and other parameters (in particular, solar irradiation and condensation sink) that have been shown to be influential on the occurrence of new particle formation in the continental boundary layer, and show that between the two periods examined, the reduction in SO 2 levels has indeed most likely caused the observed reduction in the production of freshly nucleated particles. Finally, the effects of changing SO 2 on the production of cloud condensation nuclei (CCN) following nucleation events are evaluated and discussed. This is done by both examining the observed particle growth into CCN size range as well as simulation of typical formation events for both time periods using the sectional aerosol dynamics code UHMA.
Methods

Experimental data
Ambient particle number size distributions as well as a number of meteorological and gas phase parameters have been recorded at the atmospheric research station Melpitz (51 • 32 N, 12 • 56 E; 86 m a.s.l.). The station is located near the village of Melpitz and about 46 km northeast from the city of Leipzig in Saxony (Eastern Germany). The region lies within densely populated central Europe, and is characterized by the presence of various anthropogenic sources, such as vehicular traffic, and agricultural and regulated industrial emissions. The surrounding of the station itself is flat grass land, where agriculture and wooded areas dominate up to a distance of several tens of kilometres around the station. The immediate neighbourhood of the station, however, is not used for agricultural purposes except grass being mowed once or twice a year. Details of the station can be found in Birmili and Wiedensohler (2000) . Particle size distribution measurements were carried out using twin DMPS systems (Differential Mobility Particle Sizers) with particle size ranges of 3-750 nm at Melpitz station during both periods (1996-1997 and 2003-2006) . The instrument consists of Hauke differential mobility analyzers (DMA) and TSI CPC 3010 and UCPC 3025 particle counters (Birmili et al., 1999) . The first DMPS measures particle size distributions between 3-20 nm and the second one between 15-750 nm. One measurement cycle lasts for ten minutes. The same measurement technique and a very similar data processing method were used during both measurements periods. Two size distribution data sets are used in this work: March 1996 -August 1997 and July 2003 -June 2006 . Some parts of these data sets were presented before, examining the environmental factors contributing to secondary new particle formation, the dependence of the particle size distribution on large-scale air masses, as well as the behaviour of the non-volatile particulate aerosol fraction (Birmili and Wiedensohler, 2000; Birmili et al., 2003; Engler et al., 2007) . Our analysis also uses gas phase and meteorological parameters collected at the station, including SO 2 , O 3 , temperature, and global radiation. Table 1 summarizes all measured parameters, instruments, measuring ranges, and detection limits for different parameters at Melpitz station.
Gas phase and meteorological parameters from eleven observation sites were taken from routine observations by UBA (Federal German Environmental Agency, Dessau, Germany). All gas analyzers were regularly calibrated using calibration standards. 2.2 Nucleation event classification, and determination of condensation sink, and particle formation and growth rates
All days from the studied periods were classified into different categories, i.e., nucleation and non-nucleation days, depending on whether particle formation events were observed. During nucleation event days, an increase of the particle number concentration in the nucleation mode connected with a clear growth of the newly formed particles for several hours can be observed. If no formation of new particles has been observed, the day has been classified as non-nucleation day. If a day cannot be clearly classified as nucleation or nonnucleation day, it is classified as an "equivocal case". The classification method of nucleation events we used here is based on the method described in Hamed et al. (2007) . In the resulting analysis and to minimize the uncertainty of the classification subjectivity, only the clear nucleation events and non-events were taken into consideration. The aerosol condensation sink (CS) determines how rapidly molecules are scavenged by condensation onto preexisting aerosols and depends strongly on the ambient particle size distribution. To quantify condensation processes during new particle formation, we calculated the condensation sink by using the method described by Pirjola et al. (1998) and Kulmala et al. (2001) . In practice, the vapor was assumed to have very low vapor pressure at the surface of the particle, and its molecular properties were assumed similar to those of sulphuric acid. The condensation sink is closely related to the coagulation sink, which is an important loss term for clusters and small particles coagulating (mainly) with larger particles.
From the DMPS data, we calculated the formation rate of 3 nm particles (J 3 ) following the method described by Sihto et al. (2006) and Riipinen et al. (2007) . The growth rates of the nucleation mode were estimated by following the nucleation mode peak evolution from daily size distribution contour diagrams. When quantifying the growth rate (GR) of the nucleation mode, a minimum growth time of three hours was required. If a continuous growth of the nucleation mode occurred, GR was estimated from periods lasting up to eight hours (Hamed et al., 2007) .
CCN estimates from measurement data
In order to determine the production rates of CCN resulting from nucleation and growth of new particles, we applied the method of Laaksonen et al. (2005) to the size distribution data. Briefly, we calculated increases of particle number concentrations in the 50-750 nm, 100-750 nm, and 200-750 nm size ranges on nucleation event days. The concentration increases in the given size ranges were simply determined from the differences in particle concentration at the moment when the nucleated mode reaches lower limit of the given size range, and at the time when the particle concentration in that size range reaches a maximum, or alternatively at 06:00 h LT of the following day if a maximum was not reached before. The termination of the calculation at this point is a practical necessity because of the interferences created by the morning rush-hour aerosol and by the start of vertical mixing. In this way we obtain estimates for the increases of particle concentrations in the different size ranges. Quite similar techniques for determining CCN increases after nucleation have been used by Kerminen et al. (2005) and Kuang et al. (2009) , with the main difference that they started their calculations from www.atmos-chem-phys.net/10/1071/2010/ the nucleation event start rather than from the time when the nucleation mode first reached the size range in question. In order to estimate the total CCN production, i.e. the production from primary and secondary sources, we calculated hypothetical particle source rates that are needed to support the average concentrations of particles in the given size ranges. In the steady state (SS), the particle source rate (P) equals the ratio of particle concentration (C) and the average particle residence time in air (t). For our calculations we adopted the residence time of 4 days for particles near the surface given by Balkanski (1991) .
Estimate for CCN production from primary sources using emission inventory
To estimate the primary CCN production in a given area, existing emission inventories has been used. The accuracy of emissions inventories are for this application, however, limited since they usually refer to particle mass rather than particle number, and typically include only sources that have been officially reported. Further limiting factors include the lack of longer time-periods, seasonal variations and detailed size distributions and chemical composition of the particulate emissions. A further uncertainty is produced by the changes in the technology used to produce these mass emissions in the time period of this study, creating different number size distributions with the same mass emission rates. We expect, however, that the primary CCN emission rates can be estimated within order of magnitude on the basis of emission inventories. The EMEP (European Monitoring and Evaluation Programme) emission model database provides estimates of annual emissions of PM 2.5 on 50×50 km grid cells for the years (Vestreng et al., 2006 . We created a rough estimate of the primary emitted CCN for the 2003-06 period by using these data and the source distributions of the emissions. The estimate is based on the economic sectors of emissions from the EMEP database and typical literature distributions of different sources. For the years 1996 and 1997, with no specified EMEP emission model result available, we extrapolated the rates from year 2000 emission rates together with the trend of total PM 2.5 emissions in Germany from 1996 to 2000. One of our central assumptions was that the PM 2.5 emissions from different economic sectors represent, on average, a bimodal particle size distribution. In a first step, we distributed the mass emission to the two modes by a fixed (source-dependent) factor. Then the total modal particle number was calculated assuming a log-normal distribution leading to N = 6 m ρπ dp −2 exp(−4.5log 2 σ )
where N and m are the total number and mass of the emission in the size and source mode (m −2 year −1 and kg m −2 year −1 ), d p is the geometric mean number diameter (or count median diameter, CMD) of the emission (m), ρ is the effective density of the particles emitted (kg m −3 ), and σ is the geometric standard deviation of the emission mode. After this, the resulting number emission modes were summed up to a total emission size spectrum, which in turn was integrated to specific size ranges if needed. For the comparison with volume sources, the estimate of yearly area source of CCN from primary emissions is then multiplied by the presumed annual average height of the mixed layer in Melpitz site, 1 km in this case. Table 2 describes the different emission categories we have used and the related factors used in estimating the number emission profiles. For traffic emissions (EMEP SNAP sector 7), we used an average number size distribution derived from diesel vehicles at maximum power (Morawska et al., 1998) , resulting in CMDs of 70 nm and 430 nm with a relative mass ratio of 5% for the smaller CMD mode. For non-traffic emissions, we first assumed that EMEP sector S1 (energy production) can be represented by coal combustion plants with CMDs of 90 nm and 430 nm with mass ratio of 3%, sectors S2 to S6 with mixed process plants with CMDs of 100 nm and 430 nm with mass ratio of 1% (extrapolated from Ehrlich et al. 2007, Figs. 3 and 12 , and remaining sectors (other mobile emissions and agricultural emissions) were assumed to be unimodal coarse emissions with CMD of 5 µm. The values of these parameters do differ significantly in the literature (due to different measurement methods, technological differences and differing fuels), and so we decided to also use a representative range of values, together with the values above, from the literature for the values in traffic and energy production emission factors. For the other factors, we assumed similar ranges as in the energy production. The ranges of values used are indicated in the Table 2 . In line with the very general nature of this analysis, we assumed that all the emission modes are constant in time and space, lognormal in shape with geometric standard deviation of 1.7 and no dynamic aging of emissions were considered. The particle density was assumed to be 800 kg m −3 for traffic-derived particles and 1500 kg m −3 for all other particles.
Estimate for CCN production using an aerosol microphysical model
We also estimated the contribution of NPF and primary sources to CCN in typical 1996/1997 and 2003/2006 conditions using an aerosol microphysical box model UHMA (Korhonen et al., 2004) , which has previously been used in several studies of atmospheric new particle formation (Grini et al., 2005; Komppula et al., 2006) . The aerosol size distribution was described with 50 size bins in the range of 3 nm to 1.5 µm. The standard set-up of UHMA simulates the evolution of the aerosol population due to (1) nucleation via binary mechanism of H 2 SO 4 and H 2 O , ternary mechanism of H 2 SO 4 , NH 3 and H 2 O (Napari et al., 2002), or kinetic or activation nucleation , (2) condensation of sulphuric acid, low-volatile organic compounds and water, (3) coagulation, and (4) dry deposition. However, in the modified model version used in this study, we gave observed new particle formation (J 3 ) and growth rates (GR) as model input, and neglected dry deposition.
Statistical significance of the differences between the two measurement periods
In order to test for statistical significance of the differences between the two measurement periods, statistical analyses were carried out with R-software (R Development Core Team, 2008, see http://www.R-project.org) and the differences were tested with two sample t-tests. Since the observations are mostly not normally distributed, which is the conservative assumption for t-test to be valid; the results were confirmed with robust Wilcoxon rank sum tests. Since the 1996-1997 data covers only a period of 1.5 years (with two summers and one winter), we did not compare the complete datasets with each other but instead present seasonal comparisons.
Results and discussion
Trends in atmospheric constituents
Sulphur dioxide (SO 2 )
During the past twenty-five years European sulfur emissions have decreased continuously. The emission trend, however, varied considerably between individual countries. In the United Kingdom, France and Germany, particulate sulfate mass concentrations decreased by 50-70% between 1980 and 2000 in response to 90% reductions in emissions and measured concentrations of SO 2 (Manktelow et al., 2007; Lövblad et al., 2004) . Germany, in particular, is a good example how industrial and domestic sulfur dioxide emissions were reduced according to the emission control polices (Gothenburg Protocol): The emissions decreased by 18% between 1980 and 1989 and by 85% between 1990 (Beilke and Uhse, 1999 Elbet et al., 2000; Vestreng et al., 2007) . It is essential to note that the decrease in East German emissions after 1989 can be largely ascribed to the de-industrialization process after Germany's reunification (Lintz et al., 2005) . Since 2001, the national government has also encouraged the consumption of low-sulfur fuel in the road transportation by a tax discount. In East Germany the main pollution sources were associated with carbochemical industry (i.e. chemical industry based on processing lignite, brown coal as a raw material) as well as unregulated power plants. These industries clustered in the areas around Halle, Leipzig, and Cottbus, and therefore the Melpitz research station was erected in 1991 with the aim to monitor mid-term changes within this region. In the 1980s the contribution of power plants to total ambient SO 2 was 75%, which doubtlessly enhanced the formation of acidic secondary aerosols (Marquardt et al., 1998; Krüger et al., 2004) . In the late 1980's, average SO 2 and PM mass concentrations of more than 150 µg m −3 were measured around Leipzig, Halle and Cottbus. After 1990, the SO 2 levels at these locations decreased to ca. 5 µg m −3 and PM levels to 20-30 µg m −3 (Spindler et al., 2004) . The last "dirty" carbochemical plant in the Leipzig region (Espenhain works), dedicated to the pyrolysis of lignite, closed in late 1996. In general, the reduction of emissions in the majority of European countries between 1990 and 2004 was more than 60%, while it was over 80% for a quarter of the countries (Vestreng et al., 2007) . The absolute reductions obtained between 1990 and 2004 were the largest for Germany, the Russian Federation, UK, and Ukraine. The estimated reduction within these four countries was larger than the reductions from all the other European countries together. Myhre et al. (2004) showed that emission changes of SO 2 between 1985 and 1996 impacted the geographical distribution of the radiative forcing of the direct aerosol effect substantially. Krüger et al. (2004) showed that toward the late 1990s, the PM and SO 2 emission reductions in Central Europe (particularly in East Germany and in Poland) caused a reduction of the indirect aerosol effect and therefore of the cloud reflectance. Fagerli et al. (2006) showed that the reductions have a pronounced impact on the sulphur deposition pattern in Europe although SO 2 emissions have been reduced substantially since the 1980s. Further reductions are planned to help reduce fine particulate matter mass concentrations in Europe, which have been linked to adverse health effects.
The trend in sulfur dioxide concentrations was determined on the basis of local measurements at Melpitz. Figure 1a shows SO 2 trends measured at Melpitz as well as regional measurement stations near Melpitz between 1991 and 2008. The series are 60 day floating averages of daily average values between 10:00 and 14:00 h. The Melpitz values appear to be well representative of the regional SO 2 background. The Data were obtained from the German Federal Environment Agency (UBA) network. Figure 1b shows monthly averaged SO 2 concentrations measured in Melpitz for the periods 1996-1997 and 2003-2006 (these periods cover our particle size distributions measurements). As indicated also by Fig. 1a , the SO 2 levels appear to have decreased between the two periods, in concurrence with the results of Vestreng et al. (2007) . The overall reduction between averages from the two periods is 65%. Figure 2a shows the monthly average frequency of nucleation event days during the 1996-1997 and 2003-2006 periods. The results show in general that in the earlier dataset (1.5 years) 50% of the measurement days were nucleation days whilst only 30% were such in the newer dataset (2003) (2004) (2005) (2006) . Non-nucleation days accounted for 39% of the days in the earlier dataset and for 54% in the new one. Equivocal cases, i.e. days for which we were not able to decide with confidence whether nucleation took place or not, accounted for about 11% and 16% of the old and new datasets, respectively. From the event frequency plot, it is clearly seen that the highest frequencies for nucleation events in [2003] [2004] [2005] [2006] were observed from late spring to late summer, i.e. from June till September while in 1996-1997 the maximum frequency was 80% in June. In wintertime (Dec-Feb) there were only a few nucleation events, with an average event frequency of Figure 2b shows the 3 nm particle formation rate (J 3 ) determined for the particle formation events. For the older data series the formation rate values were clearly higher than for the 2003-2006 data series. The relative difference of average J 3 values between the two periods was about 68%. Moreover, we examined the nucleation mode particle number concentrations for both datasets. The reductions in the number concentrations are of similar magnitude as the reductions in the formation rates (see Fig. 2c ). Table 3 shows the mean, median, standard deviation and p-values of the t-tests and Wilcoxon rank sum tests presented for the seasonal data. Note that the data are from strong nucleation event days only. The daily observations are from 06:00 a.m. to 06:00 p.m. The difference in the mean values is statistically significant if the p-value is below 0.05. Both tests indicate statistical significance for the differences of J 3 in spring, summer and autumn. Due to the scarcity of data and large standard deviations, the Wilcoxon test does not indicate the winter means of J 3 to be statistically different.
Nucleation event frequency and particle formation rate
The annual event frequency can be biased by the weather conditions in a particular year. The solar radiation levels are a good measure for the differences between the years from nucleation point of view as photochemical reactions drive the formation of condensable species needed for nucleation to occur Birmili and Wiedensohler, 2000; Wehner and Wiedensohler, 2003; Hamed et al., 2007) . We have therefore scrutinized both measurement periods for any meteorological differences by comparing the measured intensity of solar radiation (SR). Figure 3a shows the comparison of the radiation intensity between the two periods. No significant difference in SR is apparent during the months of highest nucleation event frequency (spring and summer) between the two periods. However, higher nucleation frequencies and rates in 1996-1997 may have been somewhat affected by more sunny weather in the winter months, whereas during the autumn months the 2003-2006 nucleation frequencies and rates may have been relatively more boosted.
The condensation sink (CS) for sulfuric acid and other condensable gases can have a preventing influence on nucleation and subsequent growth. Figure 3b shows CS in different seasons for both time periods. It can be seen that CS was higher in 1996-1997 during spring and summer whilst no remarkable difference is apparent in winter and autumn in the afternoons. As nucleation is much more frequent in spring and summer compared with autumn and winter, the CS may have diminished the differences in nucleation frequencies and rates going from 1996-1997 to 2003-2006. The condensation sink differences are statistically significant for all seasons, while the solar radiation differences are significant only in autumn.
Sulphuric acid
Sulphuric acid is an oxidation product of sulphur dioxide. water, ammonia and organics might be involved as well (Weber et al., 1999; Kulmala, 2003; Zhang et al., 2004; Laaksonen et al., 2008) . Since direct measurements of gas-phase sulphuric acid have not been performed at Melpitz, we calculated a proxy instead. The limiting step for the formation of H 2 SO 4 is the reaction of SO 2 with the OH-radical. It has been shown that atmospheric OH concentrations correlate well with solar UV radiation (Rohrer and Berresheim, 2006) . As UV radiation has not been measured continuously at Melpitz, we used the global intensity of solar radiation (SR) as its proxy. The most important sink for gas-phase H 2 SO 4 is the surface of existing atmospheric aerosol particles, onto which H 2 SO 4 molecules condense rapidly. It is the CS that determines the corresponding rate of mass transfer, and this depends on the size distribution of existing particles. Assuming that the formation and loss of the acid are in steady-state, we obtain a proxy for gas-phase sulphuric acid concentration given by [SO 2 ]*SR/CS . As shown in Fig. 4a the SO 2 concentration values were clearly higher for the older than for the 2003-2006 data sets in all seasons -and with a remarkable difference in spring and summer. However, we should note that in winter times Table 3 ). Figure 4b shows that the proxy values have decreased concurrently with SO 2 , and changes in SR and CS clearly do not explain this decrease (with the possible exception of autumn differences; see Table 3 ). We therefore conclude that the reduced sulphur dioxide levels not only coincide with but are the cause of the decreased sulphuric acid proxy values. According to the t-test, the differences for SO 2 and the proxy are significant for all seasons (except for the autumn proxy), while the Wilcoxon test shows statistical significance for spring and summer only. As with nucleation rate, the small number of winter observations explains the Wilcoxon test result. In autumn, the Wilcoxon test does show significant difference for SO 2 but (as with the t-test) not for the proxy. This is caused by solar radiation, which was significantly higher in the 2003-2006 data, negating the effect of lowered SO 2 . As the decrease in the H 2 SO 4 proxy is mostly caused by the observed decrease in SO 2 , a corresponding decrease in the number of newly formed particles is expected if sulfuric acid is a critical species controlling the formation of new particles. Experimentally, the number of newly formed particles decreased between both periods as well (cf. Fig. 2a-b) . However, it needs to be remembered that the precise balance of H 2 SO 4 is influenced by further unknown variables, such as the concentrations of the OH radical.
A modelling study of new particle formation events in Pittsburgh suggested that SO 2 reductions can either increase or decrease the frequency of nucleation (Gaydos et al., 2005) . They suggested that reductions of sulphur dioxide and the resulting sulphate by up to 40% actually increase the frequency of nucleation events in summer. This was explained by decreasing sulphate concentrations allowing higher gas-phase ammonia concentrations and, since they assumed a ternary (sulfuric acid -ammonia -water) nucleation mechanism, ammonia concentrations appeared to be a limiting factor for the events. the modelling predicted fewer nucleation events along with decreasing SO 2 concentrations (Gaydos et al., 2005) . The field measurement study of new particle formation in clean area, Hyytiälä measurement station in Finland, found there were no correlations between SO 2 level and new particle formation (Boy and Lyubovtseva et al., 2005) .
Particle growth rates
In contrast to the experimental particle formation rates, the growth rates of the fresh particles to bigger sizes increased by roughly 22% from 1996-1997 to [2003] [2004] [2005] [2006] . Growth rates were higher in 2003-2006 (see Fig. 5a ) and the difference was statistically significant in spring and in summer (see Table 3 ). Therefore, the mean particle growth rate has increased inversely to SO 2 concentrations, the H 2 SO 4 proxy, and the formation rate of new particles. This observation is a clear indication of other species than H 2 SO 4 being involved in the particle growth (Kulmala, 2003) . It has been indicated that monoterpene oxidation products drive the growth of freshly nucleated particles in boreal forest areas Laaksonen et al., 2008) . VOCs are also abundant in Central Europe (Müller et al., 2002; Alves et al., 2006) , and it is likely that their low-volatile oxidation products contribute to particle growth (Wehner et al., 2005) . The question whether VOC concentrations have increased over our observation period at Melpitz cannot be answered with certainty. Biogenic VOC emissions are temperature dependent, and as the average nucleation day temperatures in 2003-2006 were higher than in 1996-1997 (see Fig. 5b ), it could be that oxidation products of biogenic VOC's have contributed to the increased growth rates. Ozone is responsible for the formation of condensable species directly through reactions with VOCs, and indirectly by forming other oxidants (OH) upon photolysis. Although condensable organics might not be involved in the actual nucleation, they may be important in speeding up the growth of newly formed molecular clusters so that the clusters survive to detectable sizes before being scavenged by coagulation with larger particles . From our results we found that O 3 concentrations were higher on nucleation event days for new data sets than for old data (see Fig. 5c ). Industrial emissions of VOCs are expected to have decreased while traffic-derived emissions have slowly increased with time. A global estimate yielded that the SOA (secondary organic aerosol) production rate is currently rising (Heald et al., 2008) . Note, however, that with decreased nucleation, the condensable vapour will be divided among fewer particles, and average growth rates could increase even if the condensable vapour levels stay constant. In this case even if condensable vapours from VOC oxidation have remained constant, the average growth rates might have increased.
Conditions and parameters of new particle formation
Separation of nucleation event and non-event days
The fact that the overall nucleation event frequency has decreased in line with the sulphuric acid proxy does not prove a causal relationship. We therefore examined the individual variables contributing to the H 2 SO 4 proxy more closely with respect to their behaviour on nucleation event and non-event days. Figure 6 shows the production term ([SO 2 ]*SR) of the H 2 SO 4 proxy as a function of the condensational sink (CS). Each point represents one day of measurements (in the case of formation events, at time when the maximum concentration of new particles formed by nucleation were reached; in case of non-events at noon). As can be seen, the data points from particle formation events and non-events tend towards different edges of the data cloud. The line that separates the two sub-sets most effectively is indicated in Fig. 6 . The result illustrates that new particle formation at Melpitz becomes more probable when the ratio between the production term of the H 2 SO 4 proxy and the CS increases. In contrast, the lower portion of the figure is dominated by non-nucleation days associated with comparatively low solar radiation, low [SO 2 ], or high CS, which all contribute to a low steady-state concentration of H 2 SO 4 . In conclusion, such a scatter plot of the sulphuric acid production and sink term appears to be an efficient illustration to explain a large part of the observed particle formation days, although the microphysical and meteorological understanding of the particle formation process is still missing. It is worth to note that a one-year study in the urban atmosphere of Pittsburgh, Pennsylvania came to similar conclusions . Figure 7 shows two examples of typical nucleation event days for both the old data period and for the new data period. The estimated 3 nm particle formation rates vs. the sulphuric acid proxy values are shown in the upper panels while the lower panels show the number concentration of 3-6 nm particles vs. the proxy. The sulphuric acid proxy was time delayed. This time delay between the rise in sulphuric acid proxy and particle number concentration N3-6 was interpreted as the time it takes for the clusters to grow from the nucleated size of 1 nm to the detectable size of 3 nm in diameter. Based on this assumption we used the growth rate (GR) to determine how long it takes for the clusters to grow from 1 nm to 3 nm for each nucleation day and therefore we estimated the delay time as 2 nm divided by GR. Figure 7 closely resembles similar plots e.g. in Sihto et al. (2006) with the difference that they show the daily behaviour of measured H 2 SO 4 concentration instead of the H 2 SO 4 proxy. A plot of the logarithm of the experimentally derived particle formation rate J 3 vs. the logarithm of the sulphuric acid proxy reveals a rather scattered plot, resulting in weak correlation (see Fig. 8 ). Several studies have analyzed the slope of log (H 2 SO 4 ) vs. log (J 3 ) because this could in principle reveal the number of sulfuric acid molecules required for a critical, thermodynamically stable cluster as well as give hints on the acting nucleation mechanism. Such studies have observed slopes between 1 and 2 (Eisele et al., 1997; Weber Kulmala et al., 2006; Sihto et al., 2006; Kuang et al., 2008) . As seen from Fig. 8 the optimal fitted line shown has a slope of about one indicating reasonable consistency with earlier studies that investigated the relationship between J 3 and H 2 SO 4 . This result, together with Fig. 7 , shows that our proxy variable behaves at least qualitatively similarly as H 2 SO 4 which increases our confidence in interpreting the reduction of nucleation event frequency and nucleation rate between 1996-1997 and 2003-2006 as being due to reductions in sulfur dioxide emissions.
Sulphuric acid proxy vs. nucleation rate
Implications for the production of CCN
After nucleating at diameters of about 1 nm in the atmosphere, the newly formed particles may grow by condensation and coagulation, and eventually reach particle sizes where they may act as cloud condensation nuclei (CCN). This growth may take several hours to days, and since many aerosol dynamical as well as meteorological effects interact during such a time span, it has been difficult to determine CCN production rates on the basis of experimental observations. Here, we investigate the significance of the nucleation events as a source of CCN at Melpitz site, and whether the CCN production might have changed along with SO 2 concentrations. In the literature, CCN are defined either as particles activating to cloud drops at a given supersaturation, or alternatively (usually if CCN instruments were not available in the study) as particles larger than a given size. Here we examine three different size ranges: 50-750 nm, 100-750 nm, and 200-750 nm. The upper limit is set by the TDMPS instrument.
We examine three different CCN estimates. The first one is an estimate of CCN production by nucleation and subsequent growth. As explained in detail above, we follow the growing mode and calculate the CCN production from the increase in Table 4 . The annual yield of particles, the average yield per one nucleation event, the average particle concentrations and the hypothetical steady-state particle production rate at Melpitz during 1996 Melpitz during -1997 Melpitz during and 2003 Melpitz during -2006 . To compare consistent annual mean values, we strictly selected a one year period (July 1996-June 1997) from the older dataset for our calculations. the number concentration into the given size range during the growth. The second estimate concerns total production (primary plus secondary) of CCN in the given size range, and is obtained from assuming a steady-state between particle production and removal that maintains the average concentration in the given size range, and a 4-day particle lifetime. The third estimate gives the numbers of primary CCN in the given size ranges, and is obtained from emission inventories for PM 2.5 plus assumed size distributions. Note that all of the CCN estimates here contain more or less large uncertainties. The nucleation CCN estimate is interfered by air mass inhomogenities and by influences from other than nucleated particles that are difficult to tell apart, and by the need to terminate the calculation in the morning following the nucleation event. The total CCN estimate relies on a crude SS-assumption and on a 4-day particle lifetime. The primary CCN estimate relies on uncertain PM 2.5 numbers and on assumed size distributions and boundary layer height. We would like to stress here that we are not so much interested in the absolute numbers given by the estimates than we are on the relative differences between the two periods examined. Assuming that the error sources have not changed between the periods, the estimates should give us reasonable indications of trends of the different CCN sources. Note also, that the three different CCN estimates do not "close" in the sense that the total estimate should be a sum of the nucleation and primary estimates, even if all estimates were error free. This is because we do not have an estimate for CCN produced by cloud processing (which would include most of the sulphate CCN).
The estimates for nucleation production of CCN in size ranges 50-750 nm, 100-750 nm, and 200-750 nm are presented in Table 4 as Annual Yield/cc (i.e. total number of particles per cubic centimetre produced by nucleation and growth to the respective size range within one year). For all size ranges the concentration increase per particle formation event was on the same order as the average concentration. As would be expected from the decrease of nucleation frequency and average nucleation rate between 1996-1997 and 2003-2006 , the CCN production from nucleation has decreased in the 50-750 nm size range, but not very much (∼17%). Surprisingly, however, the production has clearly increased in the 100-750 nm and 200-750 nm size ranges, by ∼47% and ∼103%, respectively.
The total CCN source strengths in the different size ranges are also given in Table 4 (SS-production/cc/year). As with nucleation, the total CCN source has decreased in the smallest size range and increased in the two largest size ranges, but the relative changes are quite modest, all within 10%. Table 5 shows our emission model results based on estimates of primary particle production in the three size ranges for years 1996 , 1997 . All values have decreased from 1996 -1997 -2006 , with roughly 35% average reduction in all three size ranges between the two periods. Note, however, the large variances in the production rates, based on the wide variance of emission factors in the literature. We also repeated the calculation using the size distributions applied by Laaksonen et al. (2005) , and obtained a similar percentage reduction although the absolute numbers (not shown) were up to an order of magnitude higher. * Estimated from national PM 2.5 emission levels.
To summarize these results, our estimates indicate that in size ranges above 100 nm, nucleation source of CCN has increased substantially, total source has remained the same or increased slightly, and primary source has decreased clearly. In addition, it is very likely that the source from cloud processing has decreased, at least for sulphate particles. It would therefore seem that the increase of the nucleation source has more or less compensated for the decrease in primary and (cloud processed) sulphate sources.
The puzzling feature is of course that nucleation event frequency and average nucleation rate have dropped at the same time as nucleation production of CCN appears to have increased. One possible explanation is the observed increase in particle growth rates: the survival probability of freshly nucleated particles to sizes above 100 nm may have become larger, making it possible for a larger fraction of the new particles to reach CCN sizes. On the other hand, it is also possible that the same substances that cause the growth of the nucleated particles have made pre-existing particles smaller than 100 nm growing above the 100 nm limit more efficiently in 2003-2006 compared with 1996-1997 . It is also possible that primary sources of sub-100nm particles have increased: after all, that would hardly be seen in the PM 2.5 emission inventories on which we based our primary CCN calculations. In order to examine these possibilities further, we first compare average size distributions from the two periods, and then present results from box model simulations of new particle contributions to CCN concentrations following "average" nucleation events in 1996-1997 and 2003-2006 . Figure 9 shows size average size distributions for strong nucleation event and nonevent days separately, for both periods. Comparing the nonevent day distributions from the two periods, it can be noted that in 1996-1997, the mode at 70 nm was about 10% higher compared with [2003] [2004] [2005] [2006] . A larger difference is seen in the small particle mode around 15 nm. In order to examine the reasons for the decrease of the 15 nm mode, we studied daily contour plots of aerosol size distribution evolution together with wind directions. In the contour plots, the 15 nm mode appears as sporadic (15-30 min) high concentrations, and comes from two distinct wind directions, northeast and west. The village of Melpitz, and the road leading from there to a highway is situated about 1km northeast from the measurement station, while the village of Klitzschen and the road from there to the highway is about 45 Figure 9 . Average size distributions for a) nonevent days and b) nucleation event days. 2 km west from the site. We therefore interpret the 15 nm mode to be mainly diesel particles. The nonevent days' size distributions show no evidence of increased primary sources of sub-100 nm particles.
The nucleation day size distributions in Fig. 9 show a large difference in particle sizes below 100 nm, with higher concentrations in 1996-1997 compared with 2003-2006 . This has obviously to do with the decreased nucleation rates. At sizes between about 100-300 nm, the 2003-2006 concentrations are higher, however. This is consistent with the higher CCN numbers above 100 nm calculated for the [2003] [2004] [2005] [2006] period.
In order to analyze the CCN production from nucleation events, we conducted aerosol microphysics simulations using the UHMA model. Two 16-h model runs were performed for both time periods: (1) a NPF run assuming the observed annual average J 3 for two hours and letting the nucleated and background particles grow at a GR corresponding to the observed annual average value in event days, and (2) a background run without NFP but allowing the background particles grow at the same GR as in the NPF run. In both runs, the model was initialised with the annual average non-event day size distributions from the respective period, and particle loss via coagulation was simulated.
The contribution of primary sources to CCN was determined directly from the background run as the change in CCN sized particles from the start of the simulation. On the other hand, the contribution of NPF to CCN was calculated by subtracting the predicted CCN in the background run from that in the NPF run. Figure 10 shows how the total CCN numbers behave after event start in the three size ranges. Solid lines indicate events with nucleation allowed and dashed lines with nucleation disallowed. As with observations, the 1996-1997 simulations produce more particles to the 50-750 nm size range, while in the two larger size ranges the 2003-2006 concentrations are slightly higher.
The difference is smaller than in the observations; however, it should be noted that the largest CCN concentrations are produced in events with high nucleation and growth rates rather than in events with rates close to average. Figure 11 shows the contributions from nucleated and preexisting particles to the increasing CCN concentrations. In the smallest size range the nucleation particles dominate, while in the 100-750 nm range their contribution is less than 50%, and in the 200-750 nm range just a few percent. Again, it should be kept in mind that at higher nucleation and growth rates, the contributions from nucleated particles would likely be higher. A distinct difference between the pre-existing and nucleation particles' growth to the CCN size ranges is that the former start increasing the CCN concentrations right after the nucleation start, while it takes several hours for the nucleated particles to reach the CCN sizes. Note, that when we calculate CCN increases from ambient data, we take this into account by starting the calculations only when the nucleation "banana" reaches the size range in question. Therefore, the percentages shown in Fig. 11 actually overestimate the pre-existing particle contributions.
Taken together, our simulations show that it is possible that the 2003-2006 nucleation events have produced more CCN than the 1996-1997 events because the particle growth rates have increased even though the nucleation rates have decreased. The simulations also show that pre-existing particles do contribute to the CCN increases; however, it is difficult to quantify their contributions from the atmospheric data. The situation is even more complicated because of the fact that an unknown fraction of the pre-existing particles is not primary particles, but secondary particles formed in nucleation events in the past. 
Conclusions
We analysed two datasets of experimental aerosol number size distributions at the research station Melpitz, Germany, in order to evaluate the possible influence of decreasing SO 2 concentration on secondary new particle formation and on the production of cloud condensation nuclei (CCN) between 1996 (CCN) between /1997 (CCN) between and 2003 (CCN) between -2006 . During the 1990s the ambient levels of SO 2 in East Germany decreased by a factor of ten as a result of socio-economic changes, leveling off after about the year 2000. Our analysis showed a significant, and concurrent drop in the frequency of new particle formation events between the two observation periods (−45%). Along with this, a decrease in the particle formation rates (−68%) was observed. The trends were statistically significant, therefore suggesting a connection between the decreasing availability of anthropogenic SO 2 and the diminishing production of new particles. A contrasting finding, however, was the increase in the growth rates of nucleated particles (+22%), suggesting that other species than H 2 SO 4 dominated the particle growth. The delineation between particle formation rates and particle growth can be understood in terms of the different source types (SO 2 : anthropogenic; VOCs: biogenic and anthropogenic), and was detected in Central Europe on the basis of a multi-annual experiment also before (Birmili et al., 2003) .
We also studied the effect of parameters believed to influence atmospheric nucleation such as solar radiation, CS and SO 2 concentrations. The results show that the change of SO 2 dominates over the changes of solar radiation and CS. Since sulphuric acid was not measured, we calculated a "proxy" sulphuric acid concentration making use of the fact that H 2 SO 4 is formed in the reaction between SO 2 and OHradicals, and the concentration of the latter can be correlated with intensity of solar radiation and that the CS represents H 2 SO 4 loss term. The sulphuric acid proxy decreased between 1996-1997 and 2003-2006 , thus supporting the conclusion that the diminishing intensity of NPF is connected to decreasing ambient levels of SO 2 . The proxy correlates with measured 3 nm particle formation rates, and the slope between the logarithms of these two quantities is close to unity, in agreement with what has been observed in earlier studies of measured H 2 SO 4 values and atmospheric nucleation rates. Altogether, we see strong indications that the reduction of European SO 2 pollution in Europe has caused a decrease in the production of atmospheric particles formed by nucleation and growth events.
We also examined particle concentrations in the 50-750, 100-750 nm and 200-750 nm size intervals during the hours following particle nucleation and growth events. Rather counterintuitively, our analysis suggests an increase of particle production in these size ranges despite the observed decrease in both, the frequency of nucleation events and the particle formation rates. A likely reason, confirmed by aerosol dynamics model simulations, is the enhanced particle growth rate, which was evident in the observations.
